Hardness (crushing strength) of rice decreased with increase in soaking time. A remarkable reduction was observed after complete hydration in parboiled rice (~85%) than raw rice (27%), which was attributed to greater hydration capacity of parboiled rice (63% d.b.) compared to raw rice (38% d.b.). Crushing strength of unsoaked parboiled rice (~150 N) was greater than raw rice (~76 N). On the contrary, crushing strength of fully  hydrated parboiled rice (~23 N) was lower than raw rice (~55 N). The significant  decrease in the hardness of parboiled rice grains upon hydration, however, could not  explain the greater energy requirement for wet grinding parboiled rice studied earlier,  which, perhaps, could be attributed to the higher slurry viscosity of parboiled rice compared to raw rice. 
INTRODUCTION
There is an increasing interest in traditional foods of Indian origin like idli, dosa and vada in recent times. A critical step in the making of batter for these traditional foods is wet grinding of rice (Oryza sativa) and black gram (Phaseolus mungo). Wet grinding involves both physical and chemical changes while dry grinding is a mere size reduction operation. [1] Further, wet grinding gives a fine product that is free from dust and does not pose oxidation problems, however, energy consumption is much higher compared to dry grinding. [2] In wet grinding of cereals, the protein matrix holding the starch is destroyed, releasing the starch from the protein network. In the conventional method of batter preparation, rice is usually soaked for 4-6 h for hydration as well as to aid fermentation before wet grinding. Hydration is generally assumed to follow a first-order chemical reaction with a single rate constant. [3] Desikachar et al. [4] conducted a classical study, aimed at eliminating the need for wet grinding and concluded that the flour-presoaking method could be an alternative to the conventional wet grinding process in the preparation of idli. However, wet grinding still remains as the practical method for the batter preparation, even four decades after their study.
Traditionally the pestle and mortar type gadget was the first known implement used for wet grinding. In the modern wet grinders introduced in 1960s, the mechanical arrangement of providing rotation to the mortar instead of the pestle nearly simulated the grinding action of the traditional mortar and pestle. There were significant attempts in the development of new types of wet grinders suitable for the domestic kitchen, but no effort had been made at developing systems for large-scale operation. On the other hand, the market is witnessing batter being sold in plastic pouches showing that there is a clear demand for industrial wet grinding systems, which could help in establishing organized industries to handle a variety of batters. [5] Studies were carried out in this laboratory to evaluate the performance of a colloid mill in comparison with domestic wet grinding systems, namely, a mixer grinder and a stone grinder. [6] The starch damage in black gram (∼1-2%) as well as raw rice (0.5-2%) remained more or less same, whereas the parboiled rice (21-35%) showed greater damage. Parboiled rice required 2.5-3 times the energy as that of raw rice for grinding in the mixer grinder and the stone grinder. The study showed that colloid mill does have a potential for industrial adoption.
The hardness measured, as crushing strength of rice grain is a reliable indicator of the energy required in the grinding operation. Researchers used various indirect methods of measuring hardness of rice: [7] 1) time to grind 4 g of rice with the Brabender automatic microhardness test; 2) particle size index; 3) near infrared reflectance; 4) resistance to grinding by Stenvert Hardness Tester; and 5) the average force required to crush 40 individual kernels with a KIYA grain hardness tester. It is widely acknowledged that grain hardness is a difficult parameter to measure precisely by any one method. Several grain factors are known to contribute to overall grain hardness including grain size and shape, the thickness of the pericarp, the adherence of the pericarp to the endosperm (tackiness) and starch-protein interactions. [8] Raw, as well as parboiled rice, was used in the earlier study as both of them are used either alone or together usually along with small quantities of pulses depending on the type of snack food being produced such as idli and dosa. The results showed that parboiled rice required greater energy than raw rice during wet grinding. [6] It may be worthwhile to undertake a study to comprehend the reasons for the higher energy requirement in the case of parboiled rice.
In the present study, hydration characteristics of rice grain and its hardness were studied for raw as well as for parboiled rice. Based on the differences in the hydration characteristics, attempts were made to understand the reasons for the higher grinding energy requirement in the case of parboiled rice. When the pattern of crushing strength of soaked grains failed to reason out the greater energy consumption for grinding parboiled rice, studies were carried out on slurry viscosity of raw as well as parboiled rice to understand its possible role during the process of wet grinding, which provided a reasonable explanation.
MATERIALS AND METHODS

Materials
Paddy (IR 64 belonging to indica variety) was procured from the Agriculture Produce Marketing Corporation, Mysore and stored under refrigerated conditions (6-7°C). Samples were drawn as and when necessary and used for experiments after equilibrating to room temperature for ∼12 h. Paddy (∼2 kg) was parboiled by soaking in hot water (70-75°C) overnight, decanting the excess water and steaming the soaked grains at atmospheric pressure for 20 min in an autoclave followed by shade drying. [9] Raw rice and parboiled rice were obtained by shelling and polishing of the raw paddy and parboiled paddy using a paddy sheller (Satake Corporation, Tokyo, Japan) and a rice miller (McGill Mill, Houston, USA), respectively. Degree of polishing was maintained between 6-8%. Brokens were separated manually and only sound whole grains (head rice) of uniform thickness and length (sorted using vernier caliper) were used in the hardness measurement. Laboratory grade carboxy methyl cellulose (CMC) was purchased from M/s Loba Chemie Pvt Ltd., Mumbai, India.
Hydration Behaviour
Rice (150 g) was soaked in excess distilled water (500 ml) at room temperature (28-30°C) and samples were drawn at different predetermined time periods. Adhering surface water was removed by pressing thoroughly between the Whatman filter papers (No. 1) and moisture contents were determined using oven-dry method (105°C for 24 h) as suggested by Swamy et al. [10] Hydration curve for raw rice and parboiled rice were obtained by plotting the moisture content (% d.b.) of rice versus soaking time.
Hardness Test
The hardness of grain was initially determined using a manually operated Kiya grain hardness tester (Kiya Seisakusho Ltd., Tokyo, Japan) by crushing 10 individual grains. Each hardness value reported was obtained by eliminating the extreme and odd values and then calculating the mean of the remaining readings. Owing to the limitations of the instrument for measuring soaked parboiled rice samples, another instrument was also used for hardness measurement.
A computerized Universal Testing Machine (UTM) (model: LR 5 series, M/s Llyod Instrument, Hampshire, United Kingdom) was employed for measuring hardness of raw as well as parboiled rice samples. The hardness was measured on compression mode, as the force required for 50% compression of each grain that result in permanent deformation (breaking) of the grain and this breaking/crushing strength was recorded. Hardness value was measured for 40 individual grains and after eliminating the extreme and odd values, the mean of the remaining readings was calculated and reported. Measurements were carried out using a 100 kg load cell and a 10 mm diameter probe at a crosshead speed of 100 mm/min from a height of 16-17 mm from the base.
Viscosity
Viscosity measurement of samples was carried out at room temperature using disc spindle measuring system in a synchro-electric viscometer (model RVT, Series 71303, Brookfield Engineering Laboratories Inc., Stoughton, USA). Apparent viscosity is measured as a relation between torque and spindle speed rotation. Measurements were carried out at 50 rpm with spindle number 3 for all samples except for two parboiled rice samples. These two samples at 25% and 30% concentrations were measured with spindle number 5 and 6, respectively at the same rotational speed.
Rice slurries at various required concentrations from raw as well as parboiled rice were prepared from their wet flour along with CMC aqueous dispersion that was used as a suspending medium. The concentration of CMC was adjusted uniformly to 0.5% in all the samples except for two parboiled rice samples (25% and 30% concentrations), which did not require any suspending medium. The slurry concentration was expressed in terms of percent dry solids after taking in to account the moisture content of the wet flour.
Sample preparation. Rice samples were soaked in water (1:2) for 5 h at room temperature before grinding. The excess water was decanted and 250 g of soaked rice was ground for 2 min in a mixer grinder (M/s Braun AG, Frankfurt, Germany) with addition of water (∼220 ml) to facilitate grinding. The ground batter was subjected to successive sieving from large to small sieves (18, 24, 44, 80 , 100, and 140 mesh). [11] The throughs of 140 mesh was centrifuged, supernatant discarded and the wet cake (flour) obtained was used for viscosity measurement.
RESULTS AND DISCUSSION
Hydration of Rice Grain
In the preparation of batter based traditional rice snacks, wet grinding is generally carried out after complete hydration of the grain that enables the grain to soften as well as to initiate fermentation. Hydration curves of raw and parboiled rice are presented in Fig. 1 . The initial moisture contents of raw and parboiled rice were 10.5% and 11.6% (d.b.), respectively. The water absorption of raw rice was rapid up to 30 min and thereafter the rate of absorption decreased and attained an equilibria after ∼75 min of soaking (Fig. 1) . The moisture content of rice remained almost the same between 2-8 h of soaking and practically, there was no further absorption of water in the rice grain. In the case of parboiled rice, water absorption was very rapid up to 90 min and thereafter it was gradual and took ∼3 h to attain equilibrium (Fig. 1) . Absorption of moisture by parboiled rice (63.4% d.b.) was higher than that of raw rice (37.6% d.b.). The hydration behaviour was generally similar to the earlier studies conducted with indica variety rices. [10] Experiments on measurement of grain hardness were planned based on the equilibration periods and corresponding moisture contents of raw and parboiled rice.
Hardness and Hydration of Rice
Initial studies were carried out with Kiya hardness tester that was used commonly by many researchers. [12] The hardness of unsoaked raw and parboiled rice were 85 and 129 N, respectively. The crushing strength of raw rice was reduced to 20 N after 15 min of soaking (moisture content 31.2% d.b.). While hardness could be measured for raw rice for a wide range of soaking time and at various moisture contents up to its equilibration, the same kind of measurements could not be made with parboiled rice owing to the limitations of the instrument. Therefore, subsequent hardness measurements were carried out with UTM after standardizing the test conditions of application of compression force required to crush the grain and ensuring the suitability of the UTM for the various rice samples used in the study.
The parboiled rice required much higher strength (149.8 N) than raw rice (75.5 N) for crushing the grain without presoaking treatment indicating significantly higher hardness of the parboiled rice. This could be attributed to the hydrothermal treatment during parboiling wherein the starch granules undergo gelatinization during heating wet paddy and retrogradation during subsequent drying, resulting in hardening of the grain.
Presoaking in water softens the grain, thereby weakening the binding forces between various components in the rice kernel and making the grinding easier. Crushing strength (hardness) of raw as well as parboiled rice belonging to the same variety (IR 64) as measured by UTM are plotted against soaking time in Fig. 2 . Both raw as well as parboiled rice showed reduction in crushing strength with soaking. As postulated by Hoseney; [13] the hardness of the wheat kernel is attributed to the interactions between starch and protein. Preston et al. [14] reported that the uptake of water resulted in an increase in softness of wheat kernel that resulted in reduced damaged starch during grinding. Chiang and Yeh [15] showed that a similar phenomenon also happen in rice kernels. During soaking, protein, lipid and ash leached out from the rice kernel. Further, their observations on the changes in microstructure of rice kernels during soaking revealed the disappearance of protein matrix due to the penetration of water. Soaking helped the disintegration of the protein matrix or in other words weakening the protein-starch interactions thereby reducing the hardness of rice kernel and making grinding the endosperm easier. Penetration of water also resulted in small particles and less damaged starch during wet milling.
Raw rice showed a gradual decrease in crushing strength from an initial crushing strength of 75.5 N for unsoaked rice to 52.1 N for rice soaked for 2 h (Fig. 2) . The crushing strength of rice reduced by 31% after soaking for 2 h. As could be seen from Fig. 2 , the crushing strength was not apparently affected significantly beyond 30 min of soaking time. In the case of parboiled rice, a similar trend was observed (Fig. 2) . The crushing strength reduced with soaking of the grain. However, there was a marked difference in the crushing strength between the initial sample and the final sample after soaking. The crushing strength of unsoaked parboiled rice was 149.8 N and that of soaked for 3 h was 23.6 N. The reduction in crushing strength was significant (84%) after soaking for 3 h.
From Fig. 2 , it appeared that crushing strength is influenced with soaking time but not beyond the moisture equilibration period. Evaluating different chickpea cultivars for their hydration capacity and instrumental textural properties, Kaur and Singh [16] reported that hardness value of soaked chickpea seeds was positively correlated to hydration and swelling capacity. Therefore, in the present case a plot was made between crushing strength and moisture content to understand their relationship (Fig. 3 ). In the case of raw rice, the relationship was somewhat linear throughout the range of moisture content, while in the case of parboiled rice linearity existed but at two different rates with the latter half showing steeper reduction in crushing strength between 32 and 61% moisture range. This drastic change in crushing strength occurring at 32% moisture content in parboiled rice could be probably due to some changes in the microstructure.
The modulus of toughness, a measure of work per unit volume required to cause the material to fail generally decreased as the moisture content increased. [17] The hardness measured as crushing strength of grain was generally perceived as an indicator of the grinding energy. As could be seen from the Figs. 2 and 3 , the hardness of grain was reduced after hydration, justifying the conventional practice of hydration before wet grinding. Further research attempts are desirable in softening the grain that could lead to saving in grinding energy involved in the batter preparation, considering the fact that raw and parboiled rice are widely used in the preparation of traditional fermented snack foods.
Solanki et al. [6] comparatively evaluated a colloid mill with domestic wet grinding systems, namely, a mixer grinder and a stone grinder for grinding of raw rice, parboiled rice and black gram. They reported that parboiled rice required 2.5-3 times the energy (216-252 kJ/kg) as that of raw rice (72-108 kJ/kg) for grinding in the mixer grinder and the stone grinder. It is a notional belief that the parboiled rice is harder than raw rice, which was responsible for greater power consumption in wet grinding of parboiled rice. The results of the present study showed that hardness of parboiled rice is in fact lower than that of raw rice after complete hydration indicating that the crushing strength of individual grains alone can not be used as an indicator of energy consumption, more so in the case of wet grinding process and suggesting other factors playing the vital role.
Viscosity of Rice Slurry
Wet grinding of cereals and pulses is carried out in aqueous medium. The liquid medium actually transports the solid particles through the action zone in the form of free flowing slurry for grinding to take place. In batch grinders, soaked cereals are added gradually and after some initial grinding the batter formed acts as a suspending medium for subsequently added soaked cereals facilitating proper circulation and uniform grinding. Therefore viscosity of batter during wet grinding is a very important factor and the power required for the movement/circulation of batter within the grinder could form a significant fraction of the total power consumed. Higher the batter viscosity the greater will be the grinding energy requirement.
Rheological properties are important in the quality evaluation of rice and rice batter. In these studies, CMC is commonly used as a suspending agent in rice slurry preparation to avoid the settling of rice particles during viscosity measurements. [18] Viscosities of wet ground raw and parboiled rice slurries at various flour concentrations are presented in Table 1 . The typical concentration of solids in parboiled rice batter for the preparation of Indian traditional fermented snack foods is in the range of 35-40%. [6] In the present study, viscosity was measured from 5% to 35% in raw rice and 5 to 30% in the case of parboiled rice. Parboiled rice slurry exhibited much greater viscosity than raw rice slurry at all concentrations. The viscosity of parboiled rice increases on an exponential manner with respect to its slurry concentration (Fig. 4) . The difference between viscosity of raw rice slurry and parboiled rice slurry increased with increase in their concentrations throughout the range of study and the increase was phenomenal beyond 20% slurry concentration. The starch granules that had undergone gelatinization due to the hydrothermal treatment of parboiling and retrogradation during subsequent drying contribute for the greater viscosity in parboiled rice slurry. This also explains the progressive increase in viscosity at higher concentrations. The above results suggest that the higher energy requirement for wet grinding parboiled rice could actually be due to its greater slurry viscosity.
CONCLUSIONS
Hardness of rice as measured by crushing strength decreases with increase in soaking time (moisture content of grain). A marked reduction in the crushing strength was observed with parboiled rice (∼85%) after complete hydration, which was much higher than raw rice (∼27%) that could be attributed to its higher saturation moisture content. Soaking pretreatment given to rice in the preparation of traditional batter-based snack foods like idli, dosa is sufficient to achieve the complete hydration and thereby reducing its hardness to the maximum extent possible. Although the crushing strength was much lower for hydrated parboiled rice, the energy requirement for wet grinding was greater than raw rice indicating that the crushing strength of individual grains alone can not be used as an indicator of energy consumption. The slurry viscosity of parboiled rice was much higher than raw rice which suggested that the viscosity of the batter formed during the process of grinding could play a vital role in the power consumption.
